Introduction
The next healthcare revolution will apply regenerative medicines; creating cell based biological therapies or biological substitutes for the replacement or restoration of tissue function lost through failure or disease [1] . Human mesenchymal stem cells (hMSCs) have been considered as a potential cell source for regenerative medicine applications and offer a number of advantages when compared to other cell types including their relative ease of isolation, multipotency, high in vitro expansion potential, established therapeutic efficacy, acceptability ethically and low immunogenicity [2, 3] .
However, whilst science has revealed the potential of such therapies and early adult stem cell-based products have shown their power [4] , there is now a need for the long term supply of adult stem cells, including hMSCs, in sufficient numbers to create reproducible and cost effective therapeutic products.
Whilst many of the challenges that lie ahead are biological, others lie under the largely untapped remit of the engineer.
As with the therapeutic protein industry, measure-ment and control of culture parameters is crucial, with even small changes in culture conditions having a poten-tially significant effect.
Currently, the expansion of hMSCs typically involves the in vitro culture of cells as a monolayer in T-flasks under static conditions, with measurements usually limited to cell viability, confluency and those related to post-culture functionality. However, it is our contention that in order to inform the basis of the development of the larger scale production of hMSCs, the factors controlling the process need to be fully under-stood by the engineer. A key analytical tool used in engineering is the principle of mass balance [5] . However, it has not been possible to develop an accurate mass balance calculation for hMSC T-flask culture as nutrient usage, metabolite production and headspace gas com-position are not routinely measured. It is, however, widely accepted that, for mammalian cells used in the pro-duction of heterologous recombinant proteins (e.g. CHO, HEK, etc.), glucose and glutamine are vital nutrient sources for the generation of adenosine 5'-triphosphate (ATP) and the reduced form of nicotinamide adenine din-ucleotide phosphate (NADPH), with glucose being utilised either by oxidative phosphorylation or via the process of anaerobic glycolysis [6] . A priori, adequate lev-els of glucose and glutamine are probably critical for the growth of hMSCs in vitro to avoid nutrient supply being rate-limiting. Likewise, it has been established that the cellular metabolism of glucose and glutamine results in the production of toxic metabolites, such as ammonium and lactate, which are secreted into the medium and inhibit cell growth. Thus, the combination of an insufficient nutrient supply as well as the accumulation of waste products in the medium can have a significant effect on cell growth rate, viability [6] and in the case of cells used for therapeutic purposes, their future functionality.
In conventional mammalian cell culture, the level of dissolved oxygen (dO 2 ) in the growth medium is also important and as such is always measured and often carefully controlled.
Unfortunately, there is a disparity between the nomenclature used to describe the oxygen concentration present in the cells' growth medium in the bioprocess engineering and life sciences fields, which may lead to confusion when trying to understand the significance of results. With so much experience already available concerning the growth of animal cells on the large scale, it would seem advantageous to bring the two into line. The levels of oxygen usually described by the term "normoxia" (20-21% v/v oxygen in the headspace) is equivalent to 100% dO 2 in the culture medium when saturated with respect to air; whilst the term "hypoxia" (2-5% v/v oxygen) is equivalent to 10-25% dO 2 . The problem is further exacerbated because when compared to the dO 2 that hMSCs experience in the body (discussed later), 100% dO 2 ("normoxia") would generally be considered "hyperoxic" physiologically, whilst a reduced dO 2 is more likely to be "normoxic" physiologically. Therefore by considering the oxygen concentration in terms of the nominal % dO 2 with respect to saturation in the liquid medium, which is the standard nomenclature in biochemical engi neering, some of these ambiguities can be reduced.
A review of free-suspension animal cell culture in large-scale bioreactors indicated that they were typically controlled at ~ 50% dO 2 , though the actual value varied from process to process. On the other hand, satisfactory performance with some cell lines had been observed at the bench-scale with anywhere from 5% to 100% saturation [7] . However, the literature did not noticeably refer back to the cells' origin when selecting the value used. The dO 2 concentration in the bone microenvironment within the body has been mathematically modelled and shown to be in equilibrium with a range of between 1% and 6% saturation [8, 9] .
Recently, it has been shown that the oxygen concentration in the incubator in which the Tflasks are contained has a significant effect on the expansion of hMSCs. The most commonly held belief is that the oxygen concentration experienced by the cells in the growth medium should mimic the in vivo physiological conditions from which the hMSCs have been derived, in this case, bone marrow. However, there are conflicting results. Work has shown [10] [11] [12] that under "normoxic" conditions (i.e. 20% O 2 / 75% N 2 , 5% CO 2 v/v in the incubator, nominally ≡100% dO 2 ), the expansion of hMSCs is inferior to that obtained under so-called "hypoxic"
conditions (~ 2-5% O 2 v/v in the incubator, nominally ≡ 10-25% dO 2 ). Other studies, however, have demonstrated that, based on the concentration in the incubator, 10-25% dO 2 ("hypoxia")
can have an impact on either cell quality by attenuating cell differentiation [13] or cell quantity by reducing cell proliferation [14] in comparison to 100% dO 2 ("normoxia"). However it should be pointed out in passing that the hMSCs used in the study by Holzwarth et al. [14] were obtained from bone marrow aspirates of children with haematopoietic malignancies, although the authors do not attribute the effects of lower oxygen tensions to the patients' condition.
Clearly, the problem is not yet fully resolved and there are a number of possible explanations for this difference, not the least of which may be cell line specificity or culture conditions. Therefore, this work sets out to thoroughly characterise the standard manual T-flask process for the manual expansion of hMSCs in the laboratory and seeks to establish the likely key process engineering parameters for subsequent bioprocess development. Indeed, this is the approach that was taken by the pharmaceutical industry more than two decades ago to develop large-scale mammalian cell fermentation for the manufacture of therapeu-tic recombinant proteins [5, 15, 16] . Here, two series of experiments were undertaken at different oxygen concentrations (initial incubator gas concentrations giving 100% dO 2 and 20% dO 2 in the culture medium at saturation, hereafter referred to as 100% dO 2 and 20% dO 2 ) and medium exchange protocols (100%, 50% and 0%) after 72 h of in vitro culture of hMSCs over 4
consecutive pas-sages. Unfortunately, as with much of the earlier work in the literature, because of equipment limitations, the change of oxygen concentration in the actual T-flask headspace and medium over time could not be tracked. Initially, a brief study was also undertaken at 10% dO 2 in the medium at saturation, but performance with respect to cell yield was approximately 15% lower in comparison to that at 20% dO 2 (data not shown), so that further exper iments at this much lower concentration were stopped. In all cases, specific growth rates and yield coefficients with respect to glucose were calculated.
Materials and Methods

Cell growth and conditions
Human MSCs were isolated from bone-marrow aspirate donated by Lonza (Lonza, Cologne AG) which had been obtained from a single healthy donor after the patient provided informed consent. The local Ethical Committee approved the use of the sample for research. Cells from passage 1 were cryopreserved at a density of 2 x 10 6 cells.ml -1 in 2 ml of 0.5% human serum albumin (v/v), The growth medium was exchanged as appropriate (100%, 50% and 0%) after day 3 of the culture and cells were passaged at day 6 of culture (the usual time found by us for early-stage passage hMSCs to reach confluency). On passage, the hMSCs were washed with phosphate buffered saline (PBS; Lonza, UK) and then incubated for 4 min with trypsin (0.25%)/EDTA solution (Lonza, UK) to aid cell detachment from the culture plastic. Trypsin was then inactivated by the addition of fresh growth medium equivalent to 3x the volume of the trypsin solution used for cell detachment. The cell suspension was then centrifuged at 220 g for 3 min at room temperature, the supernatant discarded and the remaining pellet re-suspended in an appropriate volume of culture medium. Viable cells were counted and an appropriate number of cells were then re-seeded to a fresh T-flask.
A control condition was setup whereby duplicate T-flasks were left in the gas-phase controlled incubator for the full 6 days of culture. This was done in order to compare the effect, if any, of oxygen concentration fluctuations in the medium arising from the removal of the T flask from the controlled environment of the incubator to atmospheric conditions for daily medium sampling. Where q met = specific metabolite consumption rate, µ = specific growth rate (h -1 ), C met (t) and C met (0) = concentration of metabolite at the start and end of exponential growth phase respectively, Cx(0) = cell number at the start of exponential growth phase and t = time (h) 6. Lactate yield from glucose:
Analytical techniques
Where Y Lac/Glc = lactate yield from glucose, ∆[Lac] = lactate production over specific time period and ∆[Glc] = glucose consumption over same time period
3 Immunophenotypic analysis
Immunophenotypic analysis of the hMSCs was determined by flow cytometry before and after hMSC expansion and was performed using a Beckman Coulter Quanta SC flow cytometer (Beckman Coulter, UK) with excitation at 488nm. Cells were prepared for analysis by centrifuging at 300 g. min. Associated isotype controls were also prepared for all experimental conditions. A minimum of 10,000 gated (Forward scatter/Side Scatter) events were recorded for each sample and the data was analysed using FlowJo computer software (Treestar Inc, USA). Flourescent gates were set above 95% of the isotype control.
Multilineage potential
The multi-lineage potential of the cells was ascertained by inducing the samples post-harvest with the StemPro Adipogenesis kit, StemPro Chondrogenesis kit and StemPro Osteogenesis kit.
Differentiation media were prepared and used as per the manufacturer's instructions. Briefly, this involved thawing the supplement overnight and adding this to the basal differentiation medium. Cells undergoing adipogenic or osteogenic differentiation were seeded onto a microwell plate at 5,000
cells.cm -2 in growth medium and left in a humidified incubator at 37 °C, 5% CO 2 for 3 days, after which the medium was replaced with specific differentiation medium and returned to the incubator. For chondrogenic differentiation, the medium was aspirated and washed with PBS. The cells were fixed with 2% PFA for 1 min at room temperature. Samples were then washed three times with PBS and 1% (w/v) Alcian Blue solution was added and kept at room temperature for 30 min. Prior to observing under the microscope, the samples were washed with PBS three times and 1 mL distilled water was added.
For osteogenic differentiation, the medium was aspirated and cells were washed with PBS. The cells were fixed with 10% cold neutral-buffered formalin for 20 min at room temperature. Samples were then washed with PBS and kept in distilled water for 15 min at room temperature before incubating with 4% (v/v) Napthol AS-MX phosphate alkaline solution in a darkened at room temperature for 45 min. Prior to observing under a microscope, samples were washed three times with distilled water.
Distilled water was then removed and samples incubated with 2.5% (v/v) silver nitrate solution for 30 min at room temperature. The samples were then washed with distilled water three times before observing under a light microscope.
Results and Discussion
1 Growth kinetics
A series of experiments was carried out to evaluate the effect of oxygen concentration and medium exchange strategy on the culture of human bone marrow-derived mesenchymal stem cells (hMSCs).
In all cases reproducible data were obtained as indicated by the tight error bars (Figures 1 and 2 ). For the main programme of work, flasks were cultured for each medium exchange condition (100%, 50%
and 0% after day 3) and each oxygen concentration (nominally 100% dO 2 Before proceeding further, it is useful to consider the actual dissolved oxygen concentration in the medium in the T-flask since the number of cells consuming oxygen has been measured under different conditions. The oxygen concentration in the medium can be determined from the equation:
where N cell is number of cells in the T-flask (here up to about 3 x 10 6 cells.flask However, sufficiently accurate estimates can be made to give an indication of how much the liquid phase oxygen concentration that the cells experience on the base of the T-flask is likely to fall due to their consumption of oxygen compared to that due to the concentration in the head space.
An approximate specific oxygen uptake rate for the cells can be obtained from the work of Pattappa et al. [18] on human MSC cells as 9.8 x 10 -11 mmol.cell -1 .h -1 [15] ; k L can be estimated from the work of Randers-Eichhorn et al. [19] . The latter found in T-flasks growing animal cells that the rate of oxygen transfer into the medium at depths of 4 mm or less was essentially governed by molecular diffusion, i.e., k L = D/x where D is the diffusivity of oxygen and x is the depth of medium above the cells, here 1 mm. The diffusivity in the medium depends on both its composition and temperature. The former is not known precisely but the sensitivity to water, salt and glucose solutions at 20 °C is rather weak [20] ; and whilst the effect of temperature is quite substantial, the value at the cultivation temperature [21] ). Under these conditions, where the overall oxygen demand of the CHO cells will be much greater than in this work (and indeed significant oxygen depletion was measured in the medium), they found that the head space oxygen concentration was essentially constant and equal to that in the incubator whether Differences with respect to cumulative viable cell number and population doublings were observed between each different dO 2 , with 100% dO 2 yielding a greater number of viable cells for each medium condition than the 20% dO 2 . Flasks cultured under 100% dO 2 and subjected to a 100% medium exchange gave a cumulative total of greater than 12.5 x 10 6 viable cells over a period of four passages, whilst flasks subjected to the same medium exchange routine but cultured under 20% dO 2 yielded a cumulative total of less than 10.0 x 10 6 cells. This was similarly reflected with the 50% and 0% medium exchange conditions where the cumulative numbers of viable cells were higher when cultured under 100% dO 2 as opposed to those cultured under 20% dO 2 . As a result, the population doublings for the flasks cultured under the higher dO 2 were also greater (12.2, 11.5, 9.7 population doublings for 100%, 50% and 0% medium exchange conditions respectively), than those cultured under the lower dO 2 (11.5, 10.7 and 8.7 population doublings for 100%, 50% and 0% medium exchange conditions respectively). The control flasks which remained in the 20% dO 2 environment for the duration of each passage showed no significant difference in terms of viable cell number in comparison to the 0% medium exchange condition cultured at the 20% dO 2 condition, i.e the cell yield values consistently fell within the range of the error bars for the 0% medium exchange at 20% dO 2 . Importantly, this illustrates that variations in cell yield did not arise from any dO 2 fluctuations in the medium as a result of daily sampling. Figure 1 also illustrates the effect of varying the percentage medium exchange on cell yield, with the 100% medium exchange yielding the largest cumulative number of viable cells and population doublings in comparison to the 50% and 0% medium exchange conditions irrespective of the dO 2 concentration.
In general, it was found that the specific growth rate, doubling time and fold increase mirrored the trends found with the cumulative viable cell number and population doubling data, with the 100% dO 2 and 100% medium exchange conditions having the greatest impact on cell yield and growth kinetics.
The findings here are in agreement with others [14] , who found that a lower dO 2 tension restricted the proliferative capacity of hMSCs in comparison with hMSCs cultured at 20-21% v/v O 2 in the gas phase (100% dO 2 ). Importantly, the results presented here are in contrast to other work [10, [23] [24] [25] suggesting improved hMSC proliferation kinetics when cultured under low dissolved oxygen conditions. It is likely that such differences are in part due to the innate donor-to-donor variability of cells, as well as differences in culture conditions [26] , including, but not limited to, the use of different undefined, serum-based media and initial cell passage number. Further, cell passage number can have a significant effect on hMSC quality [25] with respect to proliferation, phenotype and differentiation potential. Indeed, such an effect can also be found from the data presented here where there is an overall decrease in the specific growth rate and an increase in the doubling times as passage number increases for all medium exchange and dO 2 conditions (Fig 3) . Despite the cells being cultured over only four passages (passages 3-7 of actual cell age, identified as passages 1-4 in this investigation), the cell growth kinetics are affected and will only be further affected as passage number increases. There were, however, no discernible effects on phenotype or differentiation potential (as discussed later).
The data presented here raises valid questions regarding the optimal conditions for the expansion of hMSCs. Many groups who have investigated the culture of hMSCs at lower oxygen concentrations, including Lavrentieva et al. 2010 [25] and Dos Santos et al. 2010 [24] , have done so on the basis that such an environment is similar to that experienced by the hMSCs in vivo. Whilst this is undisputed, it must also be recognised that in vivo, hMSCs account for few of the cells in the bone marrow niche, ranging from 1 in 10,000 marrow cells in a newborn to 1 in 100,000 for teens and 1 in 2,000,000 for those aged 80 [28] . From a bioprocessing perspective, the focus would firmly be on optimising culture conditions to ensure maximum expansion, whilst retaining critical to quality features.
Therefore, it may be argued that replicating in vivo conditions with respect to oxygen concentration may not necessarily equate with the optimum conditions for hMSC expansion given that at the low oxygen concentrations within the bone marrow niche, there is a very small number of hMSCs present.
It could also be suggested therefore that in vivo expansion of hMSCs does not occur in the hypoxic environments of the bone marrow niche, but rather either en route or at the actual site of injury, which are likely to be under a higher oxygen concentration [29] than that of bone marrow.
When looking at the effects of oxygen concentration on other stem cells types, just as in the MSCbased literature, there is conflicting evidence about the impact of low oxygen conditions on the proliferation of adipose stem cells [30] [31] [32] , hematopoietic stem cells and progenitor cells [33] [34] [35] [36] [37] [38] [39] .
Indeed, the effect of low oxygen tension on haematopoietic stem and progenitor cells, which share the same bone marrow niche as hMSCs, is an area of research that has been investigated over a number of years, with studies dating back to the 1970s [40, 41] . As early as 1986, conflicting reports were emerging regarding the effect of low oxygen concentration on these cells [39] in that all colony types investigated (CFU-mix, BFU-E, CFU-E, and CFU-GM) demonstrated enhanced growth at low oxygen conditions (5% O 2 ) in comparison to atmospheric oxygen conditions [39] . In the same year it was reported that the growth of haematopoietic progenitor cells from cord blood was enhanced at a low oxygen concentration (5% O 2 ) only for the early stage of the culture (weeks 0-4) and that by week 5, the growth was supe-rior at atmospheric conditions [36] . Moreover, it was demonstrated that at atmospheric conditions, CFU-GM were maintained for more than 12 weeks; in comparison, no CFU-GM were detected after week 8 at the low oxygen concentration [36] . In a similar study but with the inclusion of an irradiated bone marrow stromal layer [38] , it was reported that growth of haematopoietic stem and progenitor cells was superior in low oxygen conditions (5% O 2 ) in comparison to atmospheric oxygen conditions, although the effects were not as pronounced [38] . Meanwhile it was found [33] that human bone marrow derived lin -CD34 + cells grown for 4 days in low oxygen (1.5% O 2 in the incubator) culture conditions exhibited a lower fold expansion (~ 3.8 fold) compared to those cultured in 20% O 2, (~ 2.9 fold). Indeed, a specific subpopulation of lin -CD34 + CD38 -cells responded in the opposite manner, with an approximately 2.5 fold expansion under the low oxygen conditions compared with 1.5 fold expansion under atmospheric conditions, indicating that some of the conflicting data may be due to differences in the cell populations studied [33] .
Given this disparity in the literature regarding the effect of low oxygen concentration for haematopoietic, adipose and mesenchymal stem cells, it is clear that further work is required to provide a definitive answer as to the exact effect of oxygen concentration on the culture of such cell types. As suggested by others [42] , a standardised experimental approach would certainly aid in this endeavour and would further our understanding of how various stem cells respond to a range of oxygen concentrations [42] , as would attempts to mimic the stem cell niche ex vivo, where the oxygen concentration can be configured to match the physiological concentration [23] . Furthermore, we agree with the attempts to establish clear nomenclature with respect to oxygen concentrations both in vitro and in vivo as suggested by others [43, 44] , however it is our contention that the pre-existing nomenclature in biochemical engineering be employed where oxygen concentration is considered in terms of the nominal % dO 2 with respect to saturation in the liquid medium, thereby reducing any ambiguity.
Recently, the wealth of studies on hypoxia, haematopoietic stem cells and the role of HIF expression in the cellular response to hypoxia have been extensively reviewed and we would direct the readers to this work for more in-depth analysis [45] . Elsewhere it has been suggested that slow-cycling haematopoietic stem cells are more likely to remain in the lower oxygen areas of the niche, further away from local vasculature, whilst fast-cycling haematopoietic stem cells are more likely to remain closer to blood vessels [29] . It is argued that this may prove advantageous for the slow-cycling haematopoietic stem cells as they may avoid the effects of oxidative stress, which can result in DNA damage due to the formation of reactive oxygen species [46] ; this hypothesis was strengthened further when it was found that mouse embryonic fibroblasts cultured at atmospheric oxygen conditions developed more mutations and senesced faster than those cultured at 3% oxygen conditions [47] . Whilst haematopoietic stem cells are a different cell type than bone marrow MSCs, given that they share the bone marrow niche, it is interesting to note in passing that low oxygen concentrations are more favorable for slow-cycling haematopoietic stem cells than higher oxygen concentrations
Metabolite analysis
Reproducible measurements of key metabolites, glucose, lactate and ammonium, were obtained daily to ascertain the consumption of glucose and production of lactate and ammonium during culture ( Figure 2 ). In general, the concentration of glucose was lower and the concentrations of lactate and ammonium was greater by the end of the passage when no medium exchange was performed in comparison to flasks which had a 50% or 100% medium exchange after 72 h. This effect was greater when the cells were cultured under 20% dO 2 . The medium exchange in hMSC culture plays an important role in not only replenishing the cells with key nutrients such as glucose, but also serves to avoid accumulation of inhibitory waste products such as lactate and ammonium ( Figure 2 ). The lower cell yield obtained with the 0% medium exchange in comparison to the 50% and 100% medium exchange can therefore be attributed to the build up of inhibitory waste products and a lower glucose level, resulting in an effect on cell proliferation.
All experimental conditions follow the same trend with respect to metabolite consumption/production and correlate with increasing cell number; the level of glucose decreases during culture whilst the levels of ammonium and lactate increase (Figure 2) . The metabolite data, in conjunction with cell growth kinetics, allows for the calculation of the specific glucose consumption rate (pmol cell -1 day -1 ), specific lactate production rate (pmol cell -1 day -1 ) and yield of lactate from glucose (mol.mol -1 )
( Figures 3D, 3E and 3F) . When comparing the metabolite data for both dO 2 conditions irrespective of medium exchange condition, it is evident that significantly more glucose is consumed whilst more lactate and ammonium is produced when cultured under 20% dO 2 despite the 20% dO 2 condition yielding fewer cells. However the lactate and ammonium concentrations did not reach values which may be considered to inhibit cell growth, which have been determined experimentally for hMSCs as greater than 20 mmol/L and 2 mmol/L for ammonium respectively [48] . The increase in glucose consumed and lactate produced for cells cultured at 20% dO 2 is reflected in the glucose consumption and lactate production rates where there is a consistent significant difference between the dO 2 tensions for all medium exchange conditions ( Figure 3 ). These findings are consistent with in vitro studies investigating the effect of oxygen tension on hMSCs [24, 25] . Despite contrasting results of dO 2 on hMSC proliferation, there is similarity in the increased consumption of nutrients and increased production of inhibitory waste products. The increase in consumption of glucose and production of ammonium and lactate indicate that there are cellular responses due to the stress of a low oxygen environment. Such an environment initiates the usage of alternative intracellular pathways, thereby impacting cellular metabolism which may impact proliferation. It is believed that under lower dissolved oxygen conditions, mammalian cells adapt by activating various cellular pathways including gene-regulation by so called "hypoxia"-inducible factors and mTOR signalling [49] . The intracellular responses to low oxygen-induced stress results in cell cycle arrest which can impact proliferation of hMSCs as the cells attempt to maintain homeostasis and enter a quiescent state [14] .
Despite the lower cell yields and increased glucose and lactate production rates, the cells cultured at both dissolved oxygen conditions generally gave values for yield of lactate from glucose (Y lactate/glucose ) in excess of ~2 mol.mol -1 . Theoretically only ~ 2 mole of lactate can be obtained from each mole of glucose [32] . Therefore, a Y lactate/glucose value of >2 suggests lactate being acquired through the catabolism of other carbon sources, such as glutamine or other amino acids [6] , which would appear to be the case for most of the experimental culture conditions studied here.
Immunophenotype analysis
In order to determine the quality of the hMSCs and to identify whether there had been any change following expansion under both dissolved oxygen tensions, immunophenotype analysis was performed using flow cytometry before the cells were seeded for passage 1 of the experiment and subsequently at the end of passage 4. For all experimental conditions both before and after the investigation, > 95% of the cell population were positive for CD29, CD73 and CD105 (markers which are commonly associated with multi-potent hMSCs) and < 5% of the cell population were positive for CD45, CD34 and HLA-DR (markers used as negative controls) (Figure 4 , Tables 1A and 1B ). As such, the effect of medium exchange and dO 2 had no discernible effect on the immunophenotype of the hMSCs. However, according to the ISCT's criteria for defining hMSCs, >2% HLA-DR expression is indicative of an activated MSC population. Our results indicate that before the first experimental passage (0 h), a small percentage of our MSC population (~4.5%) is activated, however, this value does not increase to 5% for any experimental culture condition after 4 passages.
Multilineage potential
The multilineage potential of the hMSCs was demonstrated by inducing differentiation towards the osteogenic, adipogenic and chondrogenic lineages. After 14 days in lineage-specific differentiation media, samples of all experimental conditions were found to be positive for alkaline phosphatase and von Kossa staining demonstrating osteogenic differentiation capability; positive for Oil Red O staining demonstrating adipogenic differentiation capability and positive for Alcian Blue staining demonstrating chondrogenic differentiation capability ( Figure 5 ). As with the immunophenotypic analysis, the effect of medium exchange and dO 2 did not affect the differentiation capacity of the hMSCs.
Concluding remarks
It is recognised that today, hMSC culture is at a crucial junction similar to that of CHO cell culture 20-30 years ago. Measurements taken during hMSC culture are usually restricted only to cell number, viability, confluency and those related to functionality. To realise the potential of hMSC-based therapeutics, it is incumbent that, where possible, quantitative measurements are obtained to provide an accurate reflection of culture conditions and as a means for process engineering development (e.g. the accurate calculation of nutrient feed rates for perfusion culture). Further, the data presented here raises valid questions regarding the optimal conditions for the expansion of hMSCs, given in vivo conditions (within the bone marrow niche), the oxygen concentration is considered "hypoxic", yet it is recognised that there are very few hMSCs present [28] .
It was found that 20% dO 2 impacts human MSC proliferation resulting in lower cell yields in comparison to hMSCs cultured under 100% dO 2 conditions. This is in contrast to other studies which demonstrate an increase in hMSC yield under lower oxygen concentrations and the hypothesis that hMSC proliferation would increase under physiologically similar dO 2 levels. That there is disparity in the literature with regards to the effect of oxygen concentration on hMSC proliferation highlights the variability that exists between cell lines and is likely to be a result of donor-to-donor variability and/or medium formulation.
The data also highlight the importance of implementing a quantitative approach and measuring as many parameters as possible in an attempt to understand internal cellular mechanisms and processes.
Whilst the hMSC yield decreased at lower oxygen concentrations, the rate of glucose consumption and lactate and ammonium production increased, therefore suggesting different metabolic pathways being employed as the hMSCs adapt to low oxygen conditions. The medium exchange quantity was found to also have an effect cell proliferation and metabolism, with a 100% medium exchange resulting in the greatest cumulative viable cell number over the series of four passages, followed by the 50% which was slightly lower and then, significantly lower, 0% respectively. Based on the metabolite data, this is likely to be due to the accumulation of inhibitory concentrations of lactate and ammonium or other unknown waste products. There was a clear correlation between the concentration of these known metabolites and the percentage of medium exchange performed, whereby the lower percentage of medium exchange performed, the higher the concentration of both ammonium and lactate at the end of each passage. This demonstrates that where possible, a complete medium exchange would aid cell proliferation through the replacement of lost nutrients, and more importantly perhaps through the removal of inhibitory waste products. Indeed this would suggest the development of perfusion culture at the larger scale. Importantly, despite the variation in experimental conditions, there was no discernible effect on cell quality as the cells retained both their immunophenotype and multi-lineage differentiation capability throughout. Gates are set at 95% of the isotype control. 
